Abstract: Emergence of multidrug resistant strains of Mycobacterium tuberculosis (MDR-TB) threatens humanity. This problem was complicated by the crisis in development of new anti-tuberculosis antibiotics. Induced reversion of drug resistance seems promising to overcome the problem. Successful clinical trial of a new anti-tuberculosis nanomolecular complex FS-1 has demonstrated prospectively of this approach in combating MDR-TB. Several clinical MDR-TB cultures were isolated from sputum samples prior and in the process of the clinical trial. Every isolate was tested for susceptibility to antibiotics and then they were sequenced for comparative genomics. It was found that the treatment with FS-1 caused an increase in the number of antibiotic susceptible strains among Mtb isolates that was associated with a general increase of genetic heterogeneity of the isolates. Observed impairing of phthiocerol dimycocerosate biosynthesis by disruptive mutations in ppsACD subunits indicated a possible virulence remission for the sake of persistence. It was hypothesized that the FS-1 treatment eradicated the most drug resistant Mtb variants from the population by aggravating the fitness cost of drug resistance mutations. Analysis of distribution of these mutations in the global Mtb population revealed that many of them were incompatible with each other and dependent on allelic states of many other polymorphic loci. The latter discovery may explain the negative correlation between the genetic heterogeneity of the population and the level of drug tolerance. To the best of our knowledge, this work was the first experimental confirmation of the drug induced antibiotic resistance reversion by the induced synergy mechanism that previously was predicted theoretically.
INTRODUCTION
Public health is threatened by drug resistant infection agents. Many contagious diseases from the past have spread around the world exacerbating measures for epidemiological control around the world. Until now there is no confidence among scientists by which means the problem may be taken under control [1, 2] . Tackling of the drug resistant infections requires coordinated international actions, development of new antibiotics and introducing of innovative approaches of drug induced reversion of susceptibility of pathogens to conventional antibiotics [3, 4] .
Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis, which accounts for a significant death toll around the world. Ninety percent of tuberculosis cases occur in developing countries due to inadequacies in the healthcare resources and patient follow-up [5] . The problem became global with the emergence of multidrug resistant strains of Mtb (MDR-TB), which currently are reported in all countries with the burden of disease not witnessed since before the advent of antibiotics [6, 7] .
Mtb is known as a highly clonal bacterium meaning that it is generally resistant to horizontal gene transfer. All cases of acquired resistance to anti-tuberculosis drugs resulted from spontaneous mutations in genes encoding functional proteins or in promoter regions of these genes [7] . As per today, 1,031 mutations were discovered in Mtb rendering resistance to nine major groups of anti-tuberculosis drugs -aminoglycosides, ethambutol, ethionamide, fluoroquinolones, isoniazid, para-aminosalisylic acid, pyrazinamide, rifampicin and streptomycin [8] . Multidrug resistance is rendered by combinations of these mutations. To overcome MDR, new antibiotics are in great demand, which preferably should be chemically unrelated to the conventional antibiotics and should be aimed at alternative molecular targets to succeed with curation of MDR-TB.
Progress in design of new anti-TB drugs over the last decades was inappropriate to the challenge of global distribution of the MDR-TB infection [9] . Only a few anti-TB drugs have been developed recently including Bedaquiline [10] , Delamanid [11] and FS-1 [12] after a long period of almost 40 years when no new anti-TB drugs had been registered. FS-1 was of special interest for this study because of a reported induction of the drug resistance reversion in MDR-TB. This phenomenon was observed during the clinical trial and in series of in vitro experiments. The idea of reversion of susceptibility of pathogens to conventional antibiotics by supplementing them with some supporting drugs was suggested several decades ago [13] . Currently, this approach gained a general recognition because of the crises in development of new antibiotics. Several theoretical models of antibiotic resistance reversion were discussed in a recently published review [3] . However, this review lacked solid statistical and experimental grounding for these hypotheses. It should be accepted that the absence of experimental models of drug induced antibiotic resistance reversion was the major impediment in this field of research. Induction of drug resistance reversion in MDR-TB by FS-1 made it possible to study this phenomenon on the genetic level. Furthermore, statistical analysis of distribution of polymorphic sites in the global Mtb population based on the data from GMTV database [14] allowed getting insight into functional relations between drug resistance mutations of Mtb. A work hypothesis was that FS-1 could cause an active counter-selection of drug resistant variants from Mtb populations by aggravating the cumulated fitness cost of the drug resistance mutations as it was predicted previously by a mathematical model by Cohen and Murray [15] . The fitness cost reduces viability and competitiveness of the strains bearing drug resistance mutations [16] . However, consequent compensatory mutations reduce the fitness cost to the level of the initial drug susceptible strains [17 -19] facilitating wide distribution of the MDR-TB infection. Nevertheless, overcoming drug resistance by aggravating the fitness cost seems promising. Our results demonstrated that several potential drug resistance mutations were removed from the population during the therapeutic treatment with conventional antibiotics supplemented with FS-1. This treatment also caused an accumulation of disruptive mutations in ppsACD and numerous random mutations that led to weakening of the drug resistance and possibly virulence of the pathogens compared to the initial isolates obtained before the beginning of the treatment. This correlation may be explained in a way that the random mutations could impair the general genetic context necessitated for an effective drug resistance phenotype.
METHODS

Clinical Trial of FS-1 and Mtb Isolation
Second phase of the clinical trial of FS-1 against MDR-TB was carried out in Kazakhstan in 2015. Mtb strains have been isolated on a regular basis from patients' sputum samples before the treatment beginning and during the therapy with FS-1 supplementing the standard regiment of antibiotic treatment of MDR-TB. The complex of anti-tuberculosis antibiotics included pyrazinamide (per os 40 mg/kg), cycloserine (per os 20.0 mg/kg), prothionamide (per os 20.0 mg/kg), capreomycin (intramuscular 20.0 mg/kg) and amikacin (intramuscular 28.0 mg/kg). FS-1 was administrated per os in 2.5 mg/kg in 30 min prior to antibiotics. Sputum samples were inoculated into liquid Löwenstein-Jensen medium (HiMedia Laboratories, India) and cultivated at 37°C for 8 weeks. Culture growth was controlled visually, by microscopy of Ziehl-Neelsen stained smears and by standard diagnostic biochemical tests including positive catalase, niacin and nicotinamidase activities, negative Tween-80 hydrolysis and susceptibility to sodium salicylate [20] .
Susceptibility to Antibiotics
Susceptibility to antibiotics was tested by growing the cultures for 4 weeks at 37°C in test-tubes on solid Löwenstein-Jensen medium (HiMedia Laboratories, India; pH 6.8) supplemented with antibiotics in concentrations recommended by WHO [21] and in the literature [22] . The following antibiotics were used: isoniazid (0.2 μg/ml), rifampicin (40.0 μg/ml), streptomycin (4.0 μg/ml), ethambutol (2.0 μg/ml), amikacin (30.0 μg/ml), kanamycin (30.0 μg/ml), capreomycin (40.0 μg/ml), ofloxacin (2.0 μg/ml), cycloserine (40.0 μg/ml), ethionamide (40.0 μg/ml) and pyrazinamide (200.0 μg/ml on FAST-3L medium, BIOK, Russia; pH 5.0).
Sequencing of Mtb Isolates and Variant Calling
DNA samples were extracted from the Mtb isolates by the Cetyltrimethylammonium bromide (CTAB) method [23] . The eluted DNA was quantified using the Qubit dsDNA BR Assay Kit (Life Technologies, USA). The samples were sequenced by Macrogen (South Korea) using the Illumina HiSeq 2000 paired-end sequencing technology. Produced read coverage was in the range of 800-1000. Raw DNA reads were deposited at EMBL-ENA under the reference numbers ERR1559736-43. The genome sequence of three clinical MDR-TB isolates M. tuberculosis SCAID 187.0 [24] , 252.0 and 320.0 were deposited in NCBI with accession numbers CP012506, CP016888 and CP016794, respectively. CLC Genomics Workbench 7.0.3 was used for sequence assembly and variant calling by the quality-based variant detection algorithm.
Statistical Analysis of Mtb Genomic Polymorphism
In the current work, 58,025 amino acid substitutions in 1,623 Mtb strains recorded in GMTV database [14] were analyzed for their distribution in the global Mtb population. Information about drug associated mutations was obtained from the TB Drug Resistance Mutation Database [8] .
For every pair of SNP the multi-allelic linkage disequilibrium LD (1) and R 2 (2) were calculated [25] :
where k and l are the numbers of alleles for loci A and B,
Graphviz 2.24 and in-house Python scripts were used for grouping and visualization of functionally linked alleles. Complete genome sequences were aligned by Mauve [26] .
RESULTS AND DISCUSSION
Analysis of Distribution of Drug Resistance Mutations in the Global Mtb Population
Linkage disequilibrium (LD) indicates the level of dependence between allelic states in different polymorphic loci on genomes. LD varies from 1 (non-random association of two mutations) to -1 (displacement of one mutation by another due to a functional or evolutionary incompatibility). Strong LD may be explained by a functional interplay between two genes, but also it may result from a functionally neutral inheritance of independent mutations from one common ancestor known as the genetic drift.
Many drug resistance mutations showed a strong negative LD in relation to each other. In Fig. (1) , several drug resistance mutations with LD ≤ -0.9 were plotted on the circular chromosome of the Mtb type strain H37Rv. The most likely explanation for the negative LD is that the cumulated fitness cost associated with these mutations drastically decreased viability of the mutant strains. Top 20 drug resistance mutations showing significant incompatibility with other mutations are shown in Table 1 . 
Mbp
regulator (ethambutol resistance); gyrA DNA topoisomerase subunit (resistance to fluoroquinolones); thyA thymidylate synthase (para-aminosalisylic acid resistance); rpsL 30S ribosomal protein and gid glucose-inhibited division protein (streptomycin resistance).
Positive LD may indicate synergetic relations between drug resistance mutations leading to an increased tolerance to one or multiple antibiotics. In general, the positive links between drug resistance mutations were not as strong as the negative displacements. Loci linked by LD ≥ 0.75 are shown in Fig. (2) . Mutations in four genes: embB, embC, embR and rmlD, all rendering the ethambutol resistance, showed strong positive LD links. These mutations formed the basis of multidrug resistance in Mtb due to their compatibility with many other drug resistance mutations. Other patterns of multidrug resistance were grouped around mutations in katG, kasA, fbpC and efpA.
Relations between drug resistance mutations and other polymorphic alleles, which could be possible compensatory mutations, were identified by R 2 linkage coefficients. The biggest cluster of co-evolved polymorphic alleles in Fig. (3) is centered round four drug resistance mutations in the 92 nd codon of gid (streptomycin resistance) and in the 229 th codon of accD6, 463 rd codon and 315 th codon of katG, all of them rendering the isoniazid resistance.
Black bars in Fig. (3) depict numerous polymorphic alleles in Mtb genomes showing positive correlations with the drug resistance mutations. Despite they not have been reported in the literature as drug resistance mutations, the strong R 2 relations of these polymorphisms with the canonical antibiotic resistance sites suggested that at least some of them may be of importance for rendering the drug resistance in Mtb and/or reducing the associated fitness costs.
This analysis showed that out of more than 1,000 known drug resistance mutations only a limited number of them are compatible with each other and even the compatible mutations depend on the allelic states of polymorphisms in many other genes.
Genetic Insight into Antibiotic Resistance Reversion Induced by FS-1
In total, 236 MDR-TB isolates were obtained during the clinical trial of FS-1. Mtb cultures were isolated prior to the treatment and then on a weekly basis during the combined treatment course by the antibiotics and FS-1. A gradual reversion of drug resistance to a more sensitive phenotype was observed in series of isolates despite the selective pressure of antibiotics ( Table 2 ). The treatment with FS-1 caused the reversion of drug resistance to aminoglycoside antibiotics (kanamycin, amikacin and capreomycin); ethambutol and cycloserine that was not the case in the control group of patients treated by the standard regiment. Selected Mtb isolates were sequenced to study genomic changes, which could explain the observed drug resistance reversion ( Table 2) . Complete genome sequences of the initial Mtb isolates from the patients #187, #252 and #320 were deposited in NCBI with the respective accession numbers CP012506, CP016888 and CP016794. Then these sequences were used as references for variant calling. Comparative analysis of the sequenced genomes (marked SCAID #) by Mauve alignment against several known Mtb genomes from NCBI revealed their belonging to the Beijing clade (Fig. 4) . Fig. (3) . R 2 co-evolutionary links between four drug resistance mutations conferring resistance to streptomycin (light gray oval) and isoniazid (dark gray ovals) and multiple other genomic polymorphic alleles (black terminal bars). Program Graphviz was used for this visualization. Fig. (4) . Phylogenetic relations between the clinical SCAID isolates used in this study and several selected reference Mtb strains. 
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Isolates from patient #187 
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R -resistant isolate; shaded S -sensitive isolate *Weeks of isolation were counted from the day of beginning of the treatment with the antibiotics and FS-1. The week 0 indicates the isolates obtained from the patients prior to the treatment.
Beijing clade is characterized by an innate antibiotic resistance [27] . Eight canonical drug resistance mutations were found in the three sequenced Mtb strains [8] : GyrA Asp:94→Asn/Gly and GyrA Ser:95→Thr (FLQ); RpsL Lys:43→Arg (SM); KatG Ser:315→Thr and KatG Arg:463→Leu (INH); AccD6 Gln:141→Pro (PZA); PncA Asp:229→Gly (INH); EmbB Met:306→Ile (EMB); and gid Glu:92→Asp (SM). Despite of the classical drug resistance mutations in KatG, all three strains were catalase positive. All these strains were resistant to ethionamide ( Table 2 ). In Mtb this resistance usually is conferred by mutations in ethA [8] . In the strain SCAID 320.0 this gene was truncated in the mid by a frame shift mutation that probably made this gene completely nonfunctional in this strain. The strain SCAID 187.0 has a Leu:82→Pro substitution in ethA. It was not reported as an ETH resistance mutation, but it is located very close to other known mutations of this drug resistance. The strain SCAID 252.0 possesses an Ala:248→Asp substitution in the area of other drug resistance mutations within this gene; however, rendering ethionamide resistance by this mutation has not been reported either. Another mutation EthA Leu:190→Phe became abundant in the population SCAID 252 on the 9 th week of the treatment with antibiotics and FS-1, but it disappeared in the later isolates. Canonical mutations in ethA are incompatible with many other drug resistance mutations ( Fig. 1 ) that may explain their absence in these MDR-TB strains. Therapy with FS-1 prevented the accumulation of new potential drug resistance mutations in the SCAID 252 isolates. Accumulation of other mutations, which potentially could lead to drug resistance, was observed also in the isolate SCAID 187.9. Substitutions Phe:95→Leu in cyclohexanone monooxygenase Rv0565c and Arg:264→Gly in CydC cytochrome component transporter were found in 60% of corresponding DNA reads. Both these genes belong to potential prodrug activators [28] ; however, no drug resistance mutations have been reported in these genes in the literature until now. No additional drug resistance mutations were observed in the SCAID 320 isolates.
An increased frequency of mutations was observed in subunits ppsACD of phenolphthiocerol polyketide synthase in all series of isolates. Frame shift indels were found in the genes ppsC and ppsD in the isolates 187.7 and 187.9 with the frequencies up to 60-100%. Substitutions His→Pro in proline rich linker regions between the acyltransferase and dehydratase domains were observed in the isolates 252.9 (30% of reads only in ppsC) and 252.12 (up to 60% of reads in ppsA and ppsC). In the isolate 320.8, this mutation was found in 50% of reads aligned against ppsA. The initial cultures 187.0, 252.0 and 320.0 were free from these mutations. Phthiocerol dimycocerosate is a characteristic cell wall compound of Mycobacteria and an important virulence factor [29] . However, it was recently published that impaired phthiocerol biosynthesis was associated with an enhanced ability to persist in host organisms [30] .
Proline rich linkers are important for an appropriate spatial structuring of multidomain proteins [31] . Introducing of extra proline residues may alter the efficacy of the phthiocerol biosynthesis in the same way as shift mutations; however, it has not been proved experimentally for these genes yet.
Another commonality of the studied series of isolates was an increase of genetic heterogeneity of the populations during the treatment course (Fig. 5) . Total numbers of polymorphic loci (Y axis on the graphs) and frequencies of alternative alleles were counted. The polymorphic loci were grouped into 3 categories: rare mutations (0-20% of reads with alternative alleles), frequent mutations (20-35%) and common polymorphisms (35-50%). While the differences in numbers of polymorphic loci were not so great, it should be accounted that the used sequencing technique had summarized mutations in billions of sampled individual chromosomes, i.e. the graphs in Fig. (5) showed the general trends in accumulation of the most common polymorphisms leaving alone multiple individual mutations. Majority of these mutations were found in hypervariable PE-PGRS genes and in non-coding sequences except for those discussed above. 
CONCLUSION
Application of FS-1 in combination with the conventional antibiotics significantly reduced the time of antibiotic therapy of MDR-TB infections from 24 months to 6-12 months with a significant reduction of the rate of post-treatment relapses of the disease. Mtb cultures isolated from the sputum samples during the treatment course showed a reversed drug resistance phenotype at least in relation to several antibiotics ( Table 2) . Reversion of drug resistance was considered as an important factor of the therapeutic action of FS-1. The aim of this study was to identify possible mechanisms of the drug resistance reversion by sequencing of the serial Mtb isolates obtained during the treatment course and by comparing them to the complete genome sequences of the initial MDR-TB strains. The study showed that the application of FS-1 prevented the accumulation of new drug resistance mutations in the population and reduced the initial level of drug resistance of the MDR-TB infections despite the selective pressure of antibiotics. Several canonical drug resistance mutations identified in the genomes of the initial strains remained intact in all the subsequent isolates. It was concluded that the presence of canonical mutations may not be sufficient to render an effective drug resistance. Therapy with FS-1 caused an accumulation of disruptive mutations in the phthiocerol synthase subunits and rising of the general genetic heterogeneity of the populations. Weakening of the drug resistance in consequent Mtb isolates may be explained by a disruption of the necessary genetic context by random mutations and by counter-selecting of the most resistant Mtb variants caused by an aggravation of the cumulated fitness cost. The genomic context of drug resistance may include important compensatory mutations, specific alterations in gene expression regulation and even specific DNA methylation patterns [32] . Additional studies should be performed to elucidate these possible mechanisms. The hypothesis of fitness cost aggravation is in line with previous scientific reports on this topic. It was demonstrated that many drug resistance mutations in prodrug activators made the mutants more sensitive to the oxidative stress caused by the iodine containing FS-1 [33, 34] . To the best of our knowledge, this work was the first experimental confirmation of the drug induced antibiotic resistance reversion by the induced synergy mechanism that had been predicted theoretically in the recent publication [3] . Further analysis of drug resistance constraints may allow identification of targets for new antibiotics and new inducers of drug resistance reversion. 
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